Aim/hypothesis. Diabetic women generally have a greater relative risk of cardiovascular diseases than diabetic men in comparison with non-diabetic women and men. Reasons for this excess risk in diabetic women is still unclear. The aim of this study is to evaluate whether the association between different degrees of hyperglycaemia and the risk of all-cause and cardiovascular mortality is different in women and men. Methods. We analysed baseline glucose concentrations from 14 prospective European cohorts including 8172 men and 9407 women aged 30 to 89 years without history of diabetes, with a median follow-up of 8.3 years. Hazards ratios for all-cause and cardiovascular mortality were estimated adjusting for other risk factors.
There is a significant difference in cardiovascular disease (CVD) risks between sexes [1, 2, 3, 4] . Among middle-aged people, men have two-to five-times higher CVD mortality rates than women [3, 4] . The sex difference in CVD mortality cannot be completely explained by abnormal levels of conventional CVD risk factors, such as high blood pressure, lipid abnormalities, smoking and obesity [4] . Diabetes is associated with increased mortality, especially from CVD [5, 6] . Hyperglycaemia, in the absence of clinically diagnosed diabetes, is also associated with an increased CVD risk [7, 8, 9, 10, 11, 12, 13, 14] . Several studies indicated a greater relative risk of CVD with diabetes [4, 14] and hyperglycaemia [7, 11, 15] among women than men, while the Hoorn Study reported no consistent differences [9] . Two previous meta-analyses, which included studies that did not adjust for major CVD risk factors, concluded that diabetes is a stronger risk factor for CVD mortality in women than in men [16, 17] . A recent meta-analysis indicated that the excess relative risk of CVD mortality in women compared with men who had diabetes was absent after adjusting for classic CVD risk factors [18] . The reason for the higher relative risk of CVD mortality in diabetic women than in diabetic men is still unclear.
New diagnostic criteria for diabetes mellitus were approved by the American Diabetes Association (ADA) in 1997 and the World Health Organization (WHO) in 1999 [19, 20] . Few studies have evaluated the association of hyperglycaemia with CVD mortality separately for men and women according to these new diagnostic criteria. The aim of this study was to assess firstly, whether the association between different degrees of hyperglycaemia with all-cause and CVD mortality is stronger in women than in men and secondly, whether a sex difference exists with other cardiovascular risk factors (smoking, hypertension, hypercholesterolaemia and overweight).
Subjects and methods
Participants and methods. Centres in Europe that had carried out population-based studies using the standard 2-h 75-g OGTT, were invited to participate in the DECODE (Diabetes Epidemiology: Collaborative analysis Of Diagnostic criteria in Europe) study. The study populations and the methods used to recruit the participants have been described previously [10, 11, 21, 22] . A new population from Ely, UK was also included in the current analysis [23] . All investigations were carried out in accordance with the Declaration of Helsinki. Individual data on fasting and 2-h glucose concentrations and a number of other variables were sent to the Diabetes and Genetic Epidemiology Unit of the National Public Health Institute in Helsinki, Finland for data analyses. The inclusion criteria for the current study are firstly, studies with follow-up data on all-cause and/or CVD mortality, and with all required confounding variables: BMI, blood pressure, serum total cholesterol, and smoking habits and secondly, studies including both men and women.
Of the cohorts 14 provided data on all-cause mortality and 13 on CVD mortality. A total of 8172 men and 9407 women not previously diagnosed with diabetes were included in the data analysis (Table 1 ). The median duration of follow-up was 8.3 years (5.9 and 10.8 years for the 25th and the 75th quartiles, respectively).
Plasma glucose was determined in 10 of the 14 cohorts, whole blood glucose in two, capillary blood glucose in one and serum glucose in one. Before the data were analysed, glucose concentrations were transformed to plasma glucose concentrations:
The equations are based on 294 matched samples of whole blood (capillary and serum) glucose and plasma glucose concentrations drawn from a standard 75-g OGTT in 74 individuals at 0, 30, 60 and 120 min at the Diabetes and Genetic Epidemiology Unit, National Public Health Institute in Finland. The relationships between glucose concentrations as measured by the different methods used were estimated using a mixed model with random effects for the individual and the sample, in the Steno Diabetes Centre in Denmark (J. Tuomilehto, B. Carstensen, personal communication).
Vital status (alive or dead) information was recorded for each subject attending the baseline examination in each of all studies. Subjects who emigrated, for whom the vital status could not be confirmed, were treated as censored at the time of emigration. The follow-up was almost complete, from 98% in the Newcastle Study to 100% in most of the other studies [10] . Fatal events were classified using the International Classification of Diseases. Cardiovascular diseases were defined with codes 401 to 448 for the Eighth or Ninth Revisions. Covariates included age, centre, BMI, systolic blood pressure, serum total cholesterol and cigarette smoking. BMI was calculated as weight (kg) divided by the square of height (m). Overweight was defined as BMI greater than or equal to 25 kg/m 2 . Hypertension was defined as systolic blood pressure greater than or equal to 140 mmHg and/or diastolic blood pressure greater than or equal to 90 mmHg. Hypercholesterolaemia was defined as serum total cholesterol greater than or equal to 6.5 mmol/l. Subjects were classified as never, ex-and current-smokers.
Classification of glucose abnormality. According to the 1999 WHO recommendations for the diagnosis of diabetes [20] , subjects without previously diagnosed diabetes were classified into three categories: normoglycaemia, fasting plasma glucose (FPG) less than 6.1 mmol/l and 2-h plasma glucose (2hPG) less than 7.8 mmol/l; impaired glucose regulation (IGR), FPG 6.1 to 6.99 mmol/l and/or 2hPG 7.8 to 11.09 mmol/l; and newly-diagnosed diabetes, FPG greater than or equal to 7.0 mmol/l and/or 2hPG greater than or equal to 11.1 mmol/l.
Statistical analysis. Differences of mean glucose concentrations and major CVD risk factors between sexes in each of the three glucose categories were tested using analysis of covariance or logistic regression after adjustment for age. The sex-specific all-cause and CVD mortality rates were calculated by 10-year age intervals and age standardized by the direct method using a European standard population aged 30 to 89 years [24] for each of three categories: normoglycaemia, IGR, and newly-diagnosed diabetes. The sex difference in absolute age standardized mortality rates was assessed by the ratio of men to women.
Sex-specific hazards ratios (95% CI) of all-cause and CVD mortality for subjects with newly-diagnosed diabetes were estimated for each centre separately, adjusting for age, BMI, systolic blood pressure, cholesterol and smoking using the normoglycaemic people (FPG <6.1 mmol/l and 2hPG <7.8 mmol/l) as the reference group. A meta-analysis was carried out to assess the overall association of asymptomatic previously undiagnosed diabetes with the risk of all-cause and CVD mortality using a fixed effect approach according to known methods [25] . A fixed rather than a random effects approach was chosen because the statistic Q for measuring study-to-study variation in effect size was not statistically significant. As the effect size did not show heterogeneity, data from centres where all required confounding variables were available were then pooled to increase statistical power in calculating of the hazards ratios by glucose levels.
Using the pooled database including all centres together, sex-specific hazards ratios (95% CI) of all-cause and CVD mortality were estimated for IGR and newly-diagnosed diabetes, adjusting for age, centre, BMI, systolic blood pressure, cholesterol and smoking, with reference to the normoglycaemic. The association of different glucose categories with mortality was additionally examined between sexes with other CVD risk factors using a Cox model, adjusting for other covariates. A chi-squared log-likelihood ratio test was carried out to test the significance of the interaction term of sex with glucose levels and other covariates for all-cause and CVD mortality.
To assess whether the absolute level of mortality was different in men and women, we compared the relative hazards ratios of men and women within various glucose categories according to the WHO 1999 diagnostic criteria, with the normal glucose category in women as the reference group. SPSS for Windows 10.1 was used for statistical analysis. A p value of less than 0.05 was considered to be statistically significant.
Results
The major CVD risk factor characteristics in people with normoglycaemia, IGR, and newly-diagnosed diabetes are shown in Table 2 . Normoglycaemic men had 1A , B. Individual and overall hazard ratios and 95% CI (lines) for all-cause mortality in newly-diagnosed diabetes with reference to normal glucose among men (A) and women (B), adjusted for age, BMI, systolic blood pressure, total cholesterol and smoking. Normal glucose, FPG <6.1 mmol/l and 2-h PG <7.8 mmol/l; newly-diagnosed diabetes, FPG ≥7.0 mmol/l and/or 2-h PG ≥11.1 mmol/l. *No death case was found in subjects with the newly-diagnosed diabetes higher mean values of FPG concentration, BMI, systolic and diastolic blood pressure, and a higher prevalence of current smoking, hypertension and overweight than normoglycaemic women. Lower mean values of 2-h PG and total cholesterol concentrations, and a lower prevalence of hypercholesterolaemia were observed in normoglycaemic men rather than in women. For subjects newly-diagnosed as diabetes, these sex differences of mean values of BMI, systolic blood pressure and total cholesterol concentration, and prevalence of hypertension, hypercholesterolaemia, and overweight decreased or were no longer significant.
Overall, among the 17 579 participants of the 14 cohorts, there were 1797 deaths from all causes. For the 13 cohorts which registered CVD deaths, there were 16 511 subjects and 699 CVD deaths ( Table 1) . The age-standardized mortality rates from all causes and CVD were higher in men than in women in each of three categories: normoglycaemia, IGR, and newlydiagnosed diabetes (Table 3 ). The sex ratio of absolute mortality rate was smaller for newly-diagnosed diabetes and larger for normoglycaemia. The sex ratios of age-standardized all-cause and cardiovascular mortality rates (men/women) were 1.80 and 1.37 in the diabetic group, 1.86 and 2.07 in IGR, 1.94 and 2.11 in normoglycaemia, respectively.
Multivariate-adjusted hazards ratios for all-cause and CVD mortality with newly-diagnosed diabetes for each individual centre and for all combined are shown in Fig. 1, Fig. 2 . The statistics for study-to-study vari- Fig. 2A , B. Individual and overall hazard ratios and 95% CI (lines) for cardiovascular mortality in newly-diagnosed diabetes with reference to normal glucose among men (A) and women (B), adjusted for age, BMI, systolic blood pressure, total cholesterol and smoking. Normal glucose, FPG <6.1 mmol/l and 2-h PG <7.8 mmol/l; newly-diagnosed diabetes, FPG ≥7.0 mmol/l and/or 2-h PG ≥11.1 mmol/l. *No death case was found in subjects with the newly-diagnosed diabetes ation in effect size showed that there was no heterogeneity in the outcomes of meta-analyses (all p values >0.10). Therefore, the pooled database including all centres together was used in further analyses. The results for the multivariate-adjusted Cox models for all-cause and CVD mortality in glucose categories by sex are shown in Fig. 3 . Relative to normal glucose all-cause mortality was increased in both IGR and newly-diagnosed diabetes in both genders. For CVD death, only men and women with newly-diagnosed diabetes showed increased risks compared with normoglycaemic men and women. While newly-diagnosed diabetic women had higher hazards ratios for all-cause and CVD mortality than diabetic men, this sex difference was statistically significant only for CVD mortality (χ 2 =8.21, 1df, p <0.005).
We also analysed the association of hyperglycaemia with mortality by sex with different CVD risk fac-tors (Table 4) . For subjects who smoked or had hypertension, hypercholesterolaemia, or overweight separately, the hazards ratios for all-cause and CVD mortality tended to be higher in newly-diagnosed diabetic women than in diabetic men compared with normoglycaemic women and men. The sex differential in relative risk was significant only for CVD mortality in newly-diagnosed diabetes who reported past or current smoking (χ 2 =9.05, 1df, p<0.0005), had hypertension (χ 2 =8.82, 1df, p<0.005), exhibited hypercholesterolaemia (χ 2 =11.93, 2df, p<0.001), or were overweight (χ 2 =6.45, 1df, p<0.025), respectively. For people without any of these CVD risk factors, there was no difference in the relative risk of death between men and women with IGR or newly-diagnosed diabetes, in comparison with normoglycaemic men and women.
In comparison to normoglycaemic women, the hazards ratios of death from all causes and CVD of normal glycaemia in men, IGR and newly-diagnosed diabetes in men and women are shown in Fig. 4 . After adjustment for covariates, the hazards ratios for allcause and cardiovascular mortality were higher in men than in women in each glucose category. The largest absolute sex differential for mortality, especially from CVD appeared in normoglycaemia, followed by that in people with IGR and the smallest gender difference was seen in people with newly-diagnosed diabetes.
Discussion
Our analysis, based on a large European population with more than 155 000 person years of follow-up, addresses the sex difference in the risk of death related to hyperglycaemia. In this study, asymptomatic previously undiagnosed diabetic women by the WHO 1999 criteria had higher relative risks for death from all causes, and especially from CVD than diabetic men, when compared with those in normoglycaemic women and men. These associations are adjusted for age, study centre, BMI, systolic blood pressure, total cholesterol and smoking. Our results are not in agreement with a recent meta-analysis [18] , which found that the excess relative risk of CVD mortality in women compared with men with diabetes was absent after adjusting for age, hypertension, total cholesterol, and smoking. Studies on the sex difference in risk of death related to hyperglycaemia are scant and inconsistent. A 14-year follow-up study shows a linear association between ischaemic heart disease mortality and FPG in non-diabetic Rancho Bernardo men (FPG <7.8 mmol/l), but a threshold relation at 6.1 mmol/l in women [26] . The age-adjusted relative hazard of ischaemic heart disease death in diabetic patients compared with non-diabetic people is also greater in Rancho Bernardo women than in men [14] . The Dubbo Study indicates a continuous association between FPG and mortality from coronary heart disease or all causes in elderly Australian non-diabetic women, but not in men [27] . A prospective analysis from the Framingham Study shows that the incidence of CVD is positively and linearly associated with casual glucose levels in non-diabetic women, but such an association is not seen in men [8] . The Hoorn study assesses the association of continuous glucose concentration with mortality and the interaction between sexes in people without known diabetes. They show no clear consistent differences between men and women [9] . An 11.6 year follow-up study in Scotland indicates that asymptomatic hyperglycaemia (casual blood glucose >7.0 mmol/l) is a risk factor for CVD in both genders and for all-cause mortality in women, but not in men. The degree of this association is greater in women than in men [15] . The differences in glucose assay methods, glucose load and the time after loading, and the small number of events obtained during follow-up might contribute to these inconsistencies.
The reason why diabetes has a greater relative risk for death from all causes, especially from CVD in women than in men is not clear. When any other coronary heart disease risk factors exist, diabetes is associated with an increased risk of cardiovascular death [28] . Therefore, in our study we wanted to evaluate if the association between asymptomatic newly-diagnosed diabetes and mortality would also be the same in men as in women with other CVD risk factors. In people who smoked, had hypertension, exhibited hypercholesterolaemia, or were overweight, the relative risk from CVD mortality was 1.3 to 2.1 times higher in diabetic women than in diabetic men compared with normoglycaemic women and men respectively. Hyperglycaemia could have a stronger additive or synergistic effect on smoking, hypertension, hypercholesterolaemia, and overweight in women than in men. In this study adjustment for other measured confounding factors was done, thus the findings are likely to be real. One study has also indicated that the increased CVD risk of diabetic women could be mediated in part by women's usually favourable lipoprotein profile lost in the presence of diabetes [28] .
In this study, absolute levels of mortality, i.e. agestandardised death rates from all causes and CVD are higher in men than in women in any glucose category. The multivariate-adjusted risk from all-cause and CVD mortality was also greater in men than in women in each of three glucose categories. The largest absolute sex differential for CVD mortality is for people with normal glucose, followed by those with IGR, and the smallest in people with newly-diagnosed asymptomatic diabetes. Thus, men are at a higher risk of death from risk factors other than hyperglycaemia. The difference in CVD risk factors between men and women is the likely explanation for the sex differential in CVD risk. The higher risk of death associated with either hyperglycaemia itself or the combined effect of hyperglycaemia with other risk factors in diabetic women compared with diabetic men might result in a decrease in the sex difference in mortality among diabetic patients. The impact of gender and general risk factors on the occurrence of atherosclerotic vascular disease in Type 2 diabetes has been recently reviewed [16] . It indicates that the overall relative risk (the ratio of men to women) for coronary heart disease mortality in diabetes is 1.46 (1.21-1.95) and in nondiabetes 2.29 (2.05-2.55) and also suggests that the gender differential is reduced in diabetes, which is consistent with our results.
Since hyperglycaemia could have a stronger additive or synergistic effect on smoking, hypertension, hypercholesterolaemia, and overweight in women than in men, this study suggests more aggressive intervention in subjects with hyperglycaemia, especially women. Clinical trials have indicated that antihypertensive treatment was particularly beneficial in diabetic patients than non-diabetic patients [29, 30] , and in these trials the majority of the patients were female. While a more efficient control of glycaemiaucose and improvement of other CVD risk factors is important in all diabetic patients, it is possible that women with asymptomatic diabetes or even IGR could particularly benefit from more intensive intervention strategies to reduce the risk of CVD.
This study is a large collaborative study from 14 centres in Europe. Although this study has a number of strengths, several limitations also need to be considered. Firstly, CVD incidence data are not available, however, people with prevalent CVD might be included in this analysis. Secondly, no follow-up data about people with newly-diagnosed diabetes under regular health care are collected. Thirdly, the accuracy of CVD classification of the death certificates is not perfect and could vary among the populations included in this study. Nevertheless, the same principles of death certification were applied to both sexes and across the other risk factor strata. Thus such misclassifications in the individual centres make little difference for the analyses applied in this kind of study. Also, all deaths in all centres were coded using the same code of International Classification of Diseases. Finally, several other risk factors, such as serum low-density lipoprotein, high-density lipoprotein, triglyceride concentrations, HgbA 1c , C-reactive protein, microalbuminuria, waist to hip ratio, number of cigarettes, physical inactivity, fibrinogen, homocysteine, acute and chronic infections, haemostatic factors, psychosocial factors, dietary factors and genetic effects, are not available for our analysis. These could affect the sex-specific mortality or they could act as mediating factors.
In conclusion, in both non-diabetic and diabetic populations, men have higher absolute risks of death from all causes and CVD than women. The difference is larger in non-diabetic subjects than in people with IGR or newly-diagnosed asymptomatic diabetics. The relative risk of death associated with newly-diagnosed diabetes is greater in women than in men, and thus the absolute sex difference in the risk of death is reduced in the diabetic population. This is important to keep in mind when studying CVD risk factors in the population and when planning a strategy to prevent CVD, especially in the female population.
